The aim of this paper is to illustrate an analytical model for the assessment of kinematic interaction of large-diameter shaft foundations. The model is derived using recently obtained solutions of soil structure interaction problems of rigid walls and fixed base cylinders subjected to a dynamic excitation. The proposed model constitutes an extension to a deformable base of the elastodynamic solution of a rigid, fixed-base cylinder imbedded in a homogeneous or inhomogeneous soil stratum with different lateral boundary conditions. The analytical model has been validated by means of a finite elements code and it has been implemented in a consistent seismic soil-structure-interaction analysis procedure. An application of the model to a long, multi-span continuous prestressed concrete viaduct with tall piers has been carried out focusing on the importance of kinematic interaction. The main finding of the study is that the foundation input motion is characterised not only by a translational horizontal component which is usually of a reduced amplitude if compared with the free-field ground motion, but also by a rotational component that is responsible for a large seismic demand in the superstructure. The proposed model represents an effective tool to be used in the engineering practice to assess both the seismic actions induced by the ground shaking on the foundation system and the effective input motion of a superstructure founded on massive and large diameter shafts.
Introduction
The importance of evaluating the effects of seismic Soil-Foundation-Structure Interaction (SFSI) in case of deep and massive foundations systems is well established in modern seismic codes [e.g. EC8] even though the approach traditionally used in engineering practice to account for the problem is often oversimplified and mostly involves modelling the static deformability of the ground.
In general, a rigorous assessment of seismic SFSI is not a simple task particularly for structures founded on deep foundations because of the difficulties associated with the evaluation of kinematic interaction and scattering effects. Therefore a solution to this problem that is capable of offering a satisfactory trade-off between rigor and simplicity is highly desirable especially in standard engineering practice. The study illustrated in this paper and described in more detail in the work by Beltrami [2004] attempts to make a contribution in this direction with regards to structures founded on large-diameter shaft foundations such as those widely used for instance in multi-span continuous viaducts.
It should be emphasised that the interest in studying the seismic SFSI is motivated not only by the need to satisfy certain geotechnical requirements (e.g. bearing capacity assessment, settlement calculation, etc.) related to foundation response to earthquake loading, but also by the necessity of computing the "effective" earthquake excitation to a structure (which is also called the Foundation Input Motion or FIM) with respect to the free-field ground motion. The latter strongly influences the structural seismic demand as it takes into account both the soil-foundation coupling (i.e. the dynamic impedance function of the soil-foundation system) and the scattering effects caused by the motion of embedded foundations (i.e. the kinematic interaction effects). It is rather unfortunate that kinematic interaction effects are often neglected in engineering practice due to the difficulties of their evaluation even though they may be relevant.
The type of foundation considered in this study is a large-diameter shaft, that is a massive cylindrical end-bearing foundation made of cast in-place reinforced concrete (see Fig. 1 ). For important bridges the typical size ranges from 6 to 12 m diameter and 35 to 40 m length. Use of this foundation type for bridge structures is fairly common particularly at sites where soil conditions do not permit the use of driven piles or it is economically more convenient to replace a group of drilled piles with a single, large-diameter drilled shaft which also obviates the need for a pile cap. Furthermore, drilled shaft foundations are employed to support heavy loads as they minimise the settlements, or alternatively to carry uplift and lateral loads (as it occurs for earthquake loading).
Although the literature on seismic response of deep foundations is fairly extensive where it concerns flexible piles, † relatively few solutions are available for the † With the pioneer studies of dynamic soil-pile interaction carried out in the 60s and continued until today in refined numerical models (using finite element or boundary element methods) or simplified analytical solutions such as the Beam-on-Dynamic-Winkler-Foundation (BDWF) models. case of deep, large-diameter shafts, even if they are frequently used for instance in long, multi-span viaducts. The seismic performance and damage suffered by flexible piles has been the subject of post-earthquake investigations and reconnaissance reports of several major earthquakes that have occurred in the past. Unfortunately fewer case histories are available for large-diameter shafts. One reason may be attributed to the fact that these types of foundations are characterised by a large bearing capacity which is not overcome even when subjected to earthquake loading. Consequently geotechnical collapse of large-diameter shafts is rarely observed in practice as their design is generally governed by the serviceability rather than the ultimate limit state. Another factor that may be responsible of the limited number of failures observed in post-earthquake investigations of large-diameter shafts is the particular type of structures that adopt this type of deep foundation in comparison with flexible piles.
Kinematic Interaction in Seismic Soil-Structure Interaction Problems
For a structure subjected to earthquake loading the Soil-Foundation-Structure Interaction (SFSI) problem involves assessment of the dynamic response of the complete structural system under dynamic loading which originates in the interior of a soil medium and is transmitted to the structure through its foundations. The solution of the overall SFSI problem is usually decomposed into the following steps [Caltrans, 1999; Steward et al., 1998; Pecker, 1984 Pecker, , 2002 :
(i) Computation of the dynamic impedance matrix of the soil-foundation system. This is a frequency-dependent, complex-valued array quantifying the stiffness and damping characteristics of the foundation-soil interaction. Damping, which is represented by the imaginary part of the dynamic impedance function, is caused by two different energy dissipation mechanisms: The first is due to the hysteretic response of the soil medium and foundation system, the second is due to the geometric radiation of seismic energy away from the foundation through the soil medium. (ii) Computation of the so-called Foundation Input Motion (FIM) that is the "true" motion experienced by the superstructure if the latter had no mass. This step is related with the assessment of the kinematic interaction or scattering effects which are due to the inability of the foundation, owing to its stiffness, to conform to the free-field ground motion. (iii) Computation of internal actions at the foundation base generated by the inertial forces developed in the structure due to its own vibrations. This step refers to the evaluation of the inertial interaction effects which cause displacements and rotations of the foundation base to be different from FIM. (iv) Computation of the foundation capacity that is determining the resistance of the soil-foundation system to earthquake loading.
In implementing these steps for the seismic design of piles it has been a common practice until recent years to take into account only the inertial interaction effects, namely the inertial loads generated by superstructure's mass caused by the seismic excitation. Mizuno [1987] was the first researcher who observed during post-earthquake investigations of major events that some slender piles failures where located at depths distant from the pile top and occurred in soil deposits that did not suffer ground failure (such as liquefaction) or severe mechanical degradation during the earthquake. Mizuno also noticed that pile damage occurred at the same locations where soil had experienced large deformations due to ground shaking which often coincided with zones characterised by sharp stiffness discontinuities in the soil profile. This geometric condition imposed on piles by the surrounding soil is responsible for the generation of large bending moments. These arise from the curvature induced by the reflection and refraction pattern of seismic waves in correspondence to the shear modulus discontinuity of the medium profile.
This soil-pile deformation governed by the dynamic response of the system formed by the pile and the surrounding soil to earthquake loading is named "kinematic interaction" and it has been explicitly introduced for the first time ever in a seismic code by Eurocode 8, Part 5. Extensive studies into the subject have been carried out during the last two decades by several researchers including Kagawa et al. [1980] , Gazetas [1984] , Dobry et al. [1988] , Nogami et al. [1992] , Kavvadas et al. [1993] , Pender [1993] , Mylonakis et al. [1997 Mylonakis et al. [ , 2000 , El Naggar et al. [1999] and Nikolaou et al. [2001] , just to name a few. These works provide valuable contributions and simplified analytical methods to account for the kinematic interaction of slender piles such as the Beam-on-Dynamic-Winkler-Foundation (BDWF) model.
In general, the methods used to perform seismic SFSI analyses can be subdivided into direct and substructure approaches. In the direct approach the structure, the foundation with the surrounding unbounded soil are included within the same numerical model and the dynamic analysis of the whole system is carried out in a single step by a time-integration of the equations of motion. This approach is computationally expensive as it requires 3D dynamic modelling of structures founded on unbounded media at relatively high frequencies. As a result the direct approach is employed only for very important projects such as nuclear power plants, suspended bridges, etc.
Conversely with the substructure approach [Kausel et al., 1978] , the SFSI problem is decomposed into three distinct sub-problems which are solved independently (see Fig. 2 ). The substructure approach implicitly assumes the validity of the superposition principle and thus presumes that the structure, the foundation and the soil exhibit a linear mechanical response to earthquake loading. It has been shown however that this methodology is successfully applicable also to equivalent-linear and moderately non-linear systems [Mylonakis et al., 1997; Caltrans, 1999] . The principal advantage of the substructure approach is its flexibility and ease of implementation in engineering practice.
Large diameter shaft foundations are essentially rigid cylinders that are not expected to induce very large nonlinearities in the surrounding soil during seismic shaking. Thus they are well suited to be studied within the framework of the superposition's theorem and the substructure approach. Beltrami, C. G. Lai & A. Pecker 
A Kinematic Interaction Model for Large Diameter Shaft Foundations
The starting point to study kinematic interaction in piled foundations is the definition of dynamic pressures exerted by soil around the surface of the pile. It is assumed the validity of the small-strain theory and that the soil behaves like a linear, one-constituent, viscoelastic material. Recent studies by Younan [1994-1995] have made important contributions to the solution of a closely related problem which is that of viscoelastic dynamic pressures exerted by soils to rigid and flexible retaining walls. Of particular interest is the solution obtained for the case of massive gravity walls or basement walls braced at both top and bottom where the wall movement is not sufficient to fully mobilise the shear resistance of the backfill.
This case has analogies with the dynamic response to earthquake loading of a large diameter shaft foundation. The main difference is in the geometry of the two problems, which is two-dimensional for the earth-retaining wall and threedimensional for the large-diameter shaft foundation.
The dynamic pressures exerted by soil around the surface of a vertical, rigid cylinder have been originally computed by Tajimi [1969] and Younan [1994, 1995] . Their result will be used in this study as a basis for the construction of an analytical model aimed at evaluating the kinematic interaction of a largediameter cylinder embedded in a viscoelastic medium and resting on a deformable base. The basic assumptions made in this study concerning the geometry of the foundation and soil constitutive model are as follows:
(i) Foundation geometry and stiffness: Rigid circular cylinder of radius R embedded in a soil layer of constant thickness H and infinite extent in the horizontal plane (no topographic effects); (ii) Constitutive model of soil layer and bedrock: Idealisation of the medium as a linear viscoelastic material with frequency-independent properties: Mass density ρ, shear modulus G, Poisson's ratio ν, and material damping ratio D. Damping and shear modulus are strain-compatible with the level of excitation by a preliminary equivalent-linear response analysis of the stratum; (iii) Excitation: Both the base of the cylinder and the layer are considered to undergo a space-invariant, uniform horizontal motion.
Furthermore the soil was assumed to deform according to the plane-stress hypothesis as it was originally proposed by Veletsos and Younan [1995] for a better representation of the displacement field around a large-diameter pile with respect to the plane-strain assumption originally proposed by Tajimi [1969] in a pioneer work on the same subject. The latter hypothesis was shown to be more appropriate for slender piles. The plane-stress assumption implies vanishing of the normal stress field in the vertical direction of the soil medium as opposed to vanishing of the vertical displacement as assumed in the plane-strain case. Plane-stress has also the advantage of leading to more stable numerical solutions for values of the Poisson ratio ν approaching 0.5 (incompressible material).
An important contribution to the problem of dynamic soil-structure interaction of a rigid cylinder was given by Veletsos and Younan [1995] who computed the dynamic pressures exerted along the surface of a cylinder fixed at the base by a soil modelled as a viscoelastic medium. The system is excited by a vertically propagating, horizontally polarised, harmonic shear SH wave. Their solution is based on the classical Baranov-Novak (BN) idealisation of the medium, where the soil is represented by a series of independent thin layers with a circular hole placed at the centre of the system. The shear stiffness of each thin layer is given by its dynamic impedance K (for a detailed description of the Baranov-Novak model see [Veletsos and Dotson, 1988] ). In the far-field the BN layers behave as a cantilever shear beam, therefore similar to the well-known Scott's model for rigid walls. Veletsos and Younan [1995] have shown that for this model the resulting horizontal dynamic force per unit height of the cylinder originated by a uniform, harmonic acceleration at the baseẍ g (t) =Ẍ g e iωt is simply given by the product of the layers' mechanical impedance K and the difference between the horizontal displacement computed at the shear beam far-field and the cylinder centre axis. This approach of calculating the dynamic force along the cylinder is very efficient and it has the advantage of being characterised by a small number of lumped parameters. For this reason it is adopted in this study in extending the solution obtained by Veletsos and Younan [1995] to the case of a cylinder placed on a deformable base. In order to overcome some of the flaws of the BN model when applied to largediameter shafts, Veletsos and Younan [1995] have proposed an improvement based on the concept of "constrained layers" which add a capacity of the medium between the far-field and the cylinder to transfer forces vertically by means of horizontal shearing actions. The basic idea of the constrained layers is to add at each BN thin layer a system of massless linear springs (elastic constraints) equally directed along the two horizontal radial u and circumferential ν directions (see Fig. 3 ). The improvement suggested by Veletsos and Younan [1995] is based on the assumption of negligible lateral variations of the vertical displacement in the medium, which is equivalent assuming 1D wave propagation. These additional springs can simply be interpreted as forces per unit area and are in magnitude proportional to modal displacements and thus independent of position and are functions only of the modal number 'n':
After including between the BN thin layers these additional elastic springs one can then compute the modified horizontal impedance of the layer. The governing equations of motion written in radial and circumferential coordinates will now include the additional terms k * n denoting the elastic constraints in the two horizontal 362 C. Beltrami, C. G. Lai & A. Pecker Fig. 3 . Schematic view of the model used to study the soil-foundation kinematic interaction problem.
directions:
Following the development by Veletsos and Dotson [1988] the impedance of the BN layers may be computed by determining in the frequency domain the displacements u and v using the method of potential functions.
Knowing the expression of the displacements u and v at the lateral soilfoundation interface, it is possible to compute the expressions of the normal stress, that in Beltrami [2004] has been corrected from the one published by the original authors [Veletsos and Younan, 1995] :
and of the shearing circumferential stress:
where K 0 and K 1 are the modified Bessel functions of second kind of order 0 and 1 respectively and A and B are constants of integration derived from boundary conditions. The terms Λ * = 2νG * /(1 − 2ν), ε 0 = 2/(1 − ν) are elastic constants and λ = s 2 n − a 2 0 /(1 + iδ), µ = λ/ε 0 are frequency-dependent (a 0 = ωR/V s ) complex-valued parameters (coefficients) which are functions of the layer elastic constraint s n = k * n R 2 /G * . The superscript " * " is used to denote a complexvalued quantity, and δ = 2D. The constants of integration A and B are obtained from boundary conditions which are continuity of normal and tangential circumferential displacements at the soil-cylinder interface. Their values are [Beltrami, 2004] :
Finally the impedance K n of the elastically constrained layer may be computed by integrating the normal and tangential stress components over the lateral surface of a cylinder of unit height:
This expression is instructive because it shows separately the contributions to K n of normal and shear dynamic stresses. It should also be observed that the layer impedance K n is modal dependent and thus it is calculated for each mode differently.
To generalize the soil-structure interaction model of a rigid cylinder developed by Veletsos and Younan [1995] to the case of a cylinder resting on a deformable rather than fixed base, it is necessary to define the harmonic rotation at the base of the cylinder as well as the horizontal displacement field along the central axis of the cylinder. The instantaneous value of the cylinder rotation (counted positive clockwise) and the horizontal displacement of the cylinder at the dimensionless distance η = z/H from the base is given by the following rigid body motion relations:
Expanding U r (η, t) in terms of the natural modes of vibration of the stratum one obtains:
where N max is the total number of modes that are accounted for in the calculation. Now it is easy to compute the horizontal dynamic force per unit height of the cylinder from the superposition of N max modes of vibration of the stratum modelled as a shear beam, multiplied by the difference between the horizontal displacement U n computed in the far-field and the contribution from the rocking base W n . The result is:
The only unknown of this single degree of freedom system represented by Eq. (11) is the rotation amplitude at the base of the rocking cylinderΘ under harmonic base excitation. This quantity is computed by considering moment equilibrium at the base of the cylinder (see Fig. 3 ) including the inertial terms:
where M 0 b is the moment amplitude induced by the pressures exerted by soil on a corresponding fixed-base cylinder, M 1 b is the moment amplitude induced by the pressures associated with a unit rotation of the cylinder base, M g is the mass of the cylinder,
is the mass moment of inertia of the cylinder with respect to an horizontal axis passing through the cylinder base. Inverting Eq. (12) the frequency-dependent, complex-valued rotation, may be computed from the following relation:
A fundamental aspect of the solution concerns the rotational impedance to be used to model the dynamic interaction between the base of the cylinder and the deformable half-space underneath. This problem was solved using the results obtained by Veletsos and Verbic [1974] in their study of a rigid, massless disk resting at a surface of a homogeneous, linearly elastic half space. The resulting rotational impedance is defined as
the static stiffness, and k θ and c θ are functions of the dimensionless frequency a 0b = ωR/V sb for a discrete set of values of Poisson's ratio ν = 0, 1/3, 0.45, 0.5. Selection of the rotational impedance derived by Veletsos and Verbic [1974] has been critically reviewed and compared with other approaches particularly in relation to the effects of disk embedment [Pais and Kausel, 1990] . The advantage of this approach has been confirmed also by other independent studies like for instance the model by Novak and Aboul-Ella [1978] on base reactions of piles. See Beltrami [2004] for more details on this issue.
It is noted that since the global impedance of the rigid cylinder is built as a sum of the horizontal layer impedance plus the rotational contribution of the base, the rocking-swaying coupling and the embedment effects are implicitly taken into account in the global moment equilibrium equation. The model has been implemented in a computer code and generalised for an arbitrary, transient input ground motion using the FFT technique. The core of the algorithm is the computation of the transfer functions representing the horizontal displacement and rotation at the top centre point of a rigid cylinder generated by a uniform, horizontal harmonic excitation of unit amplitude applied at the bedrock-layer interface. Then the algorithm computes the natural modes of vibration of the stratum and the horizontal pressures exerted by the soil along the surface of the cylinder taking into account the rotational impedance of the base.
The transfer function is computed up to a maximum frequency f max to limit the number of modes N max that need to be considered in the analysis. The value of f max has been set as the smaller of the Nyquist frequency associated with the seismic input (i.e. f ny = 1/(2dt) where dt is the sampling time of the accelerogram), and the frequency upper limit assumed for the linear-equivalent site response analysis (∼25 Hz). The latter has been required to deconvolve the free-field seismic input recorded at the outcropping bedrock (see Fig. 7 ), to the base of the large-diameter shaft. It should be remarked however that in general f max is a variable quantity as it depends upon the geometry and the properties of a given system. Going from stiff to soft soils and/or from short to long cylinders while keeping the same accuracy will require considering a larger number of modes.
Extension of the model to "rough" and "smooth" interfaces
The model described above is linear. The only way nonlinearity can somehow be accounted for is during the computing of the strain-compatible, dynamic parameters of soil (i.e. shear stiffness and material damping ratio). However at the top of the cylinder close to the free-surface, large deformations and thus nonlinear effects are expected to take place. In this zone in fact the overburden pressure is low and hence the shear strength at the foundation-soil interface is reduced. On the other hand large displacements and rotations are developed as a consequence of the position of the cylinder cap with respect to the rocking base.
These observations motivate the need to find a better representation of the interface conditions at the top ring of the foundation. One could for instance neglect the shear stress and take into account only the normal stress component. In order to do so it is necessary to change the boundary condition leading to Eq. (6) from "rough" (which corresponds to a perfectly welded interface), to "smooth" interface where the circumferential shear stress is assumed always equal to zero.
To solve this problem the constants of integration A, B and ∆ of Eq. (6) for the impedance of the constrained BN layer must be recalculated using the "smooth" boundary condition. A simple computation yields [Beltrami, 2004] :
With these newly defined constants of integration, the BN layer impedance of a "smooth" interface may be computed by integrating the normal stress component 366 C. Beltrami, C. G. Lai & A. Pecker along the surface of the cylinder:
The resulting stresses and forces at the soil-cylinder interface may be computed as for the case of a "rough" interface from the product of the layer impedance with the difference between the horizontal displacement computed in the far-field (shear beam model) and the cylinder centre axis.
It should be remarked that the normal stresses computed for the "smooth" and "rough" interfaces are in general different. Usually the normal stress associated with the "smooth" interface is greater than that relative to a "rough" interface as it is the only resisting component of the dynamic soil pressure.
The height H · (1 − η r ) of the foundation top ring, that may be assumed with a "smooth" interface, can be computed from a preliminary analysis conducted with a uniform "rough" interface. From the results of this analysis one can easily establish the extension along the shaft of the "smooth" zone based on the exceedance of a prescribed threshold shear stress.
The most important implication of the existence of mixed (i.e. smooth and rough) interface conditions along the cylindrical foundation is on the magnitude of the kinematic internal forces. In fact a variation of the horizontal layer impedance along the height of the shaft leads to a discontinuity in the shear and moment diagrams at the change of interface type (see Beltrami [2004] and Beltrami et al. [2005] for more details).
Extension of the model to inhomogeneous soil profiles
Modelling soil inhomogeneity [Dobry et al., 1976; Schreyer, 1977; Davis et al., 1994] is of great importance in engineering practice since almost all soil deposits are characterised by some degree of vertical heterogeneity. An extension of the kinematic model illustrated in the previous sections to a vertically inhomogeneous soil stratum has been implemented by modifying the free vibration modes of the cantilever shear beam used to simulate the far-field response of the model.
The exact analytical solution of the free vibration problem (i.e. computation of natural frequencies and mode shapes) of an inhomogeneous layer has been derived by Pecker and Afra [1995] and Pecker [2003 Pecker [ , 2004 for the case of a shear wave velocity profile varying as a power function of depth with an arbitrary exponent "p":
where V S is the shear wave velocity at depth H and "p" is a quantity that may assume any value greater than zero and smaller than 2. Typically, for coarse-grained geomaterials p = 0.45-0.6 whereas for normally consolidated clays p = 0.8-1 [Pecker and Afra, 1995] . The natural frequencies of the stratum may be evaluated from the rootsρ n of the following Bessel's function of the first kind of order (p − 1)/(2 − p): (17, 18) whereas the mode shapes, normalised to 1.0 at the free-surface are given by the following expression:
where Γ(·) is the Gamma function. Besides a small increase in computational effort, if compared with the solution of a homogeneous layer, now the solution can no longer be obtained using the method of separation of variables, as the constraint layer stiffness k n is at this time function of both ξ and η coordinates. However, as suggested by Veletsos and Younan [1994b] for the case of a rigid earth-retaining wall, a reasonable approximation to the solution may be obtained by computing the numbers k n through the equation k n = ρω 2 n which implicitly assume k n to be constant. In this case the circular frequency ω n represents the nth natural frequency of the inhomogeneous stratum vibrating as a cantilever shear beam. The approximation by Veletsos and Younan [1994b] exhibits the following two features:
• The evaluation of shear stresses acting on the upper and lower faces of the horizontal BN disk is exact for the free vibration of the nth natural mode X n (η); • For the limiting case of a statically excited stratum the approximate solution is in good agreement with numerical solutions obtained using the finite element method.
Both features are retained also by the present cylindrical model. With this approximation the extension of the model to an inhomogeneous soil stratum is obtained by using mode superposition with a depth-dependent, elastically constrained BN layer impedance. Veletsos and Younan [1994b] suggested that the soil layer impedance K n may be dependent on the depth η only in the static term:
where α n and β n are frequency dependent stiffness and damping factors and φ n = ω/ω n . As for the case of a homogeneous soil stratum, the complex-valued, horizontal dynamic force per unit length of cylinder may be simply expressed by the product of the depth-dependent layer impedance K(η) and the difference between the horizontal displacement computed at the far-field (shear beam model) and the cylinder centre axis.
For the rotational boundary condition at the base of the cylinder, knowing that the fundamental mode of vibration of the layer has a linear shape with the displacement increasing from the base to the top, the horizontal dynamic force per unit length of cylinder may be written in a form similar to that suggested by Veletsos and Younan [1994b] for rigid walls, namely:
From the knowledge of the horizontal force distribution along the cylinder height, the resultant moments and shear forces can be easily obtained by numerical integration.
Finally it is remarked that the above results can be used to model different kinds of soil-foundation interfaces along the height of the cylinder from "rough" to "smooth", as the theory illustrated in Sec. 3.1 remains applicable also to the case of a inhomogeneous soil stratum.
Characteristics of the model under "static" harmonic excitation
This section will illustrate the "static" distribution of normal (radial) and tangential circumferential stresses induced by the soil surrounding the cylinder at the foundation soil-interface. It should be remarked that the word "static" here is used with a meaning of a harmonic excitation having a frequency of oscillation ω = 0. The excitation is applied in the direction of the X-axis (see Fig. 3 ). The so-called "static" limit of a dynamical system, which in this case is constituted by a cylinder subjected to a system of forces representing the soil reactions to a seismic excitation, is an important characteristic and is often difficult to obtain with an acceptable level of accuracy. Figure 4 shows the distribution of the lateral "static" normal and tangential stresses obtained from the model described above applied to a 15 m thick, homogeneous layer characterised by a shear wave velocity V S = 150 m/s. The soilfoundation interface along the length of the shaft is assumed "rough". From the coloured-stress map it is evident that the magnitude of normal and shear stress is distributed along the shaft with an opposite pattern: At locations where the shear stress reaches relatively high values, the normal stress is low and vice versa. This is not surprising as the equations for normal and tangential stresses are dependent respectively upon the cosine and sine of the circumferential angle θ as shown by the following relations:
Since sine and cosine are orthogonal functions (i.e. they are 90
• out of phase), the magnitude distribution of normal and shear stresses is opposite. Figure 5 shows the stress distribution under "static" conditions obtained from the model for different values of height and shear wave velocity of the homogeneous layer. From this figure it is possible to observe that in soft soils (or for short foundation shafts) the stress distribution is characterised by a regular, parabolic shape having a peak value located near the mid height of the foundation. On the contrary, in stiff soils (or for long foundation shafts) the stress distribution ceases to be "regular" as it shows a sign inversion at a distance close to the top ring of the cylinder cap. This pattern of stress distribution is confirmed by Veletsos and Younan [1994b] for the case of rigid earth-retaining walls. It is also confirmed by the results of dynamic numerical simulations conducted with the finite-element method by Wood [1973] on a rigid earth-retaining structure that may rotate at the base; this solution is regarded in the literature as a sort of "exact" solution. Figure 6 shows the "static" distribution of shear and moments internal actions along a 25 m long shaft, normalised to the static value at the base, and for different values of shear wave velocity of the homogeneous layer. The moment profile has a tendency to exhibit smaller values as V S decreases (i.e. as the soil stratum gets softer). The shear profile displays a similar trend but with a more irregular pattern.
Validation of the Model with a Finite Element Code
The analytical, kinematic interaction model for large-diameter shaft foundations has been validated through a benchmark test conducted with the finite element code SASSI [1999] .
This program is one of the most widely used computer software for solving soil-foundation-structure interaction problems. Data and geometry used for the benchmark test are illustrated in Fig. 7 . The soil stratum has been modelled as a homogeneous, semi-infinite, viscoelastic continuum placed on top of a viscoelastic half-space.
The solution is carried out using the substructuring approach. The cylindrical shaft foundation is modelled using standard three-dimensional solid elements. The excitation is represented by a single horizontal component of an accelerogram prescribed at the free-field, outcropping rock (see Fig. 7 ).
The problem consists of determining the translational and rotational acceleration time-histories at the top of the foundation shaft. This corresponds to the so-called Foundation Input Motion (FIM) as shown in Fig. 7 . From the acceleration time-histories of the foundation cap one can easily determine other types of response functions like the displacement or velocity time histories or the acceleration response spectra. The soil-foundation interface conditions throughout the surface of the shaft are assumed "rough".
The solution to the benchmark problem obtained with SASSI is compared with the results determined using the kinematic interaction model illustrated in the previous sections.
The ground motion selected at the outcropping rock for the validation test was the North-South component of the El Centro 1940 earthquake record which is characterised by a peak ground acceleration of 0.32 g. Both the analysis carried out with SASSI and that performed using the kinematic interaction model have been accomplished using a frequency cut-off of 25 Hz which consequently represents the highest frequency resolved in the analyses. Figures 8 and 9 illustrate the comparison of the results obtained from the validation test for the Foundation Input Motion (FIM). They are represented in terms of acceleration time histories, both translational and rotational, and the corresponding acceleration response spectra.
In general, the results obtained for the FIM computed with the proposed kinematic model are in good agreement with those determined with SASSI for both the acceleration time-histories and the acceleration response spectra. In Fig. 8 the time-histories computed with two approaches are very similar to each other, both in amplitudes and phases.
In Fig. 9 the horizontal acceleration response spectra computed with the kinematic model matches fairly well the spectra computed with SASSI in all period range. Both spectra show higher values of the ordinates at lower periods when compared with the free-field response. The rotational acceleration response spectra are also in good agreement even though the spectrum computed with the proposed kinematic model tends to slightly overestimate the response for T > T 1 (where T 1 is the fundamental period of vibration of the system) and moderately underestimate the response for T < T 1 .
A similar agreement in the results is found for the solution of a problem identical to that illustrated in Fig. 7 but considering a stiffer soil layer (i.e. V S = 700 m/s). For more details on the results obtained from this benchmark test the interested reader is referred to the work of Beltrami [2004] .
Parametric Analyses of Kinematic Interaction Model in Homogeneous Soils
After the validation, it is now interesting to use the proposed model to throw light onto the phenomenon of kinematic interaction of large-diameter shaft foundations. For this purpose a comprehensive parametric study has been carried out to investigate the influence of foundation's length and layer's shear stiffness in the computed FIM. Table 1 illustrates the set of geotechnical parameters considered in this study for the soil system. The values assumed for the shear wave velocity of the layer are those of EC 8 [2003] Part 1 soil categories and cover a fairly wide range of geomaterials ranging from soft to very stiff soils. For the bedrock the value of V S has been assumed constant. Concerning the length of the shaft, three different slenderness ratios H/2R were considered covering typical values for this type of large-diameter foundations. With a constant radius R = 5 m, three lengths H = 15 − 25 − 35 m were assumed. The variation in shear wave velocity of the stratum (four values of V S ranging from 150 to 700 m/s) and the three different lengths H of the foundation yields a wide range of the layer fundamental period T 1 = 4H/V s , ranging from 0.09 sec to 0.93 sec. The mechanical impedance ratio ρ S V S /ρ B V SB at the soil layer/bedrock interface (see Table 1 ) varies from 0.53 to 0.11. Figures 10 and 11 show the results of the kinematic interaction analysis of the large-diameter shaft using the model illustrated in Sec. 3 for an homogeneous stratum and a "rough" interface. The seismic excitation selected at the outcropping rock for the numerical simulations was the East-West component of Duzce accelerograms recorded during the 12/11/1999 Turkey earthquake. These data were retrieved from the PEER [2004] strong motion database, and correspond to an earthquake scenario of moment magnitude M w = 7 and closest distance to the fault rupture of 30 km.
The Duzce accelerogram has been adjusted for spectral compatibility with the response spectrum obtained for the same earthquake scenario using the Abrahamson and Silva [1997] attenuation relationship, characterised by a PGA = 0.20 g. The spectral matching, up to the first natural period of the soil-foundation-structural system, has been performed in the time domain using the "time-history adjustment method" [Kaul, 1978; Lilhanand and Tseng, 1988; Abrahamson, 1992] . The interested reader is referred to [Beltrami, 2004] for more details on the application of this technique for spectral matching of an original ground motion accelerogram.
Figures 10 and 11 clearly show that for large-diameter shaft foundations the effects of wave scattering originated by kinematic interaction is important and the difference between the motion computed at the foundation cap and the free-field ground motion may be very significant, particularly in soft soil layers. However the most important aspect, is that kinematic interaction is responsible for inducing a rocking excitation at the top of the shaft even if the free-field ground motion is solely composed by a horizontal excitation. This has important consequences in the seismic response of a structure founded on large-diameter, deep pile foundations as will be demonstrated in the next section.
The complete set of results of the parametric study including the time-histories of FIM is reported in [Beltrami, 2004] and is not included here due to limitations in paper length. From this report, the horizontal component of the acceleration calculated in soft soils (i.e. for V S = 150-250 m/s) at the top of the foundation shaft, is considerably lower than the free-field ground motion, although the two records have the same phases. Furthermore as expected, in stiff soil layers (i.e. for V S = 400-700 m/s), FIM is characterised by a higher frequency content if compared with FIM of softer soils. The opposite is true for the low frequency content of the response.
The reduced FIM response in soft soils with respect to the free-field ground motion observed for the horizontal acceleration holds also, though to a lesser extent, for the velocity time histories. For the displacement response the difference between free-field and FIM excitation is almost negligible. The difference between FIM and free-field ground motion caused by kinematic interaction increases as the wavelength of seismic (shear) waves decreases to become smaller than the size of the foundation. For the same frequency of excitation and foundation size this phenomenon is expected to be more pronounced in soft soils.
These observations inferred from the seismic response of the soil-foundation system in the time domain get also reflected in the response spectra. From Fig. 10 Model for a Large-Diameter Shaft Foundation 377 Fig. 9 . Comparison of free-field and FIM horizontal acceleration and velocity response-spectra obtained using the proposed kinematic interaction model. (top four figures) in fact it can be noticed that in the short period range, the spectral ordinates of FIM horizontal acceleration response spectra are noticeably lower than the free-field response and this effect is more pronounced in soft soils (i.e. for V S = 150-250 m/s). As a limit case, the zero-period intercept of FIM response spectrum (representing the Peak Ground Acceleration or PGA) for V S = 150 m/s approaches the PGA = 0.20 g of the outcropping rock which is 85% lower than the PGA of free-field ground motion (i.e. at the free-surface of the soil layer).
Another observation suggested by Fig. 10 (top four figures) is that whereas in soft soils the free-field response exhibits two peaks in correspondence to the first two natural periods of the layer, the FIM acceleration response spectrum amplifies only the first period as the peak corresponding to the second period is strongly damped. Physically what is happening is that under the earthquake loading the foundation (which is assumed rigid) is able to comply and thus amplify mainly the first mode only of the soil layer whose shape is one quarter of a sinusoid from the base layer to the top. On the contrary the large-diameter shaft is almost totally unaffected by the layer second mode whose shape (a portion of a sinusoid with a displacement change of sign) cannot be matched by the displacement of a rigid cylinder. The end result of this "kinematic interaction" is that the amplification of the second mode is filtered-out and the energy associated with it is not transmitted to the superstructure. As it always happens, this process of filtering the second and higher modes of vibration of the soil layer, is not completely "free of charge" for it is accompanied by a side-effect which is the rotational motion of the top of foundation shaft.
Concerning stiffer soil layers Fig. 10 (top four figures) shows (e.g. V S = 700 m/s) that at low periods the spectral ordinates of FIM horizontal acceleration response spectra approximately match those of the free-field ground motion with a PGA that is almost the same for the two cases. The horizontal velocity response spectra (see Fig. 10 bottom four figures) display similar features. In particular in soft soils (e.g. V S = 150 m/s) the FIM response is attenuated with respect to that of the free-field. On the contrary, the horizontal displacement response spectra of FIM and free-field ground motion illustrated in Fig. 11 (top four figures) are almost identical for both soft and stiff soils because, as mentioned above, the displacement response of the system is not affected by high frequencies.
Among all the features illustrated in this parametric study, the one with the most significant implications is certainly the "conversion" operated by the soilfoundation system of a purely translational (horizontal) excitation prescribed at the outcropping rock into a coupled, swaying-rocking excitation at the top of a rigid-piled foundation. Two mechanisms cause this "kinematic conversion" of the excitation: The first is due to the rotational deformability of the bedrock at the basis of the rigid cylindrical foundation; the second mechanism is related to dynamic pressures exerted by the soil surrounding the foundation which in general have a resultant that do not coincide with the centre of gravity of the large-diameter shaft. As mentioned above, this mechanism is strongly linked to the wavelength of the propagating seismic (shear) waves and to the filtering effect operated by the rigid-body movement of the foundation onto higher modes of vibration of the soil layer. Figure 11 (bottom figure) shows the FIM rotational acceleration responsespectra obtained using the proposed kinematic interaction model for the four values of V S considered in this study (see Table 1 ) and for a foundation height H = 25 m. It can be noticed from the figure that amplification of rocking motion occurs only at periods lower than the first natural period T S = 4H/V S of soil layer ‡ and it is mostly concentrated around T S . The peak rotational acceleration tends to exhibit higher values as the (shear) stiffness of the soil layer increases, although this interpretation does not hold for V S = 700 m/s.
Application of the Kinematic Interaction Model to Seismic Demand Assessment of a Bridge
The kinematic interaction model described in the previous sections has been applied to evaluate the seismic demand of a viaduct founded on large diameter shafts. Figure 12 shows the longitudinal view of the bridge of balanced cantilever girder type forming a continuous segmental prestressed concrete deck of 110 m spans. The bridge is symmetrical with respect to the central mid-span and crosses a wide valley characterised by the presence of a soft top soil stratum of variable thickness overlaying the bedrock. The piers have heights of 75 m, 50 m to 30 m; they are connected with largediameter shaft foundations passing through the soil layer and founded on the top of the bedrock roof. The soft soil layer has a variable thickness along the bridge to simulate a realistic alluvial, laterally inhomogeneous soil deposit. Furthermore, it is characterised by different values of shear wave velocity V S (see Table 1 ) to cover the whole range from soft to stiff soil categories reported in EC8 [2003] .
The dynamic response of the bridge will be used to study the effects of seismic Soil-Foundation-Structure Interaction (SFSI) by means of the substructuring approach which assumes the validity of the superposition theorem. Primary focus of the study will be to throw light into the phenomenon of kinematic interaction and of its implications for the seismic response of a structure investigating the influence of parameters such as foundation geometry and soil (shear) stiffness. Due to the symmetry of the bridge only piers P1, P2 and P3 will be analysed (see Fig. 12 ).
A linear, dynamic transient analysis of the bridge has been carried out using the finite element program ADINA [2003] . The Foundation Input Motion (i.e. FIM) has been computed using the kinematic interaction model for large-diameter shafts described in the previous sections. The seismic excitation at the outcropping rock ‡ T S is approximately equal to 0.67; 0.40; 0.25 and 0.14 seconds for V S = 150; 250; 400 and 700 m/s respectively. is defined by the East-West and North-South components of Duzce accelerograms recorded during the 12/11/1999 Turkey earthquake and adjusted for spectral compatibility according to the procedure described in the previous section. The two accelerograms have been considered to act simultaneously. The effects of soil deformability and energy dissipation occurring in the soil surrounding the foundations have been evaluated through a set of complex-valued, frequency-dependent, dynamic impedance functions computed for all degrees of freedom of the nodes at the base of the piers using the computer code DYNA4 [Novak M. et al., 1994] . The response of the viaduct to earthquake loading has been assessed for the four soil categories reported in Table 1 and corresponding to those reported in Eurocode 8 Part 1 [EC8, 2003] .
The main objective of this study is to evaluate the importance of the contribution of coupled swaying-rocking FIM excitation in the seismic demand assessment of the bridge. This is carried out through a comparison of the internal actions (i.e. axial and shear forces, bending and torsional moments) at the base of the piers computed for these two sets of excitations:
• FIM considering only the translational (horizontal) component of motion;
• FIM considering the coupled swaying-rocking components of motion.
The modal analysis of the viaduct yielded interesting results. The first natural period of the structure considered fixed at the base of each pier, is equal to T 1 = 2.4 seconds. The expected increase in T 1 resulting from the soil deformability is almost negligible (T 1 = 2.5 sec). This happens because the large-diameter shaft foundation with the surrounding soil forms a relatively rigid system that restrains the deformability of the structure at its base as if the bridge foundations were clamped.
The first natural mode shapes of the structure are those of a continuous beam on elastic supports. In particular the fundamental mode shows each span of the bridge displaced in the typical single-wave bending shape whereas the second mode is characterized by a double-wave bending shape with nodes at mid-span of the viaduct.
Computation of base pier seismic demand
Figures 13 through 15 illustrate the internal actions at the base of each pier obtained from the linear, dynamic, transient analysis of the bridge. They have been computed for each of the four values of shear wave velocity V S that have been considered for the soil layer surrounding the foundation shafts (see Fig. 12 and Table 1 ).
The figures show that in all cases the effect induced by coupled swaying-rocking excitation is to increase the seismic demand of the piers in terms of both bending and torsional moments, and shear and axial forces.
However there is a difference in the increment of seismic demand between soft and stiff soil layers. Whereas in soft soils the rocking excitation is responsible for an increase of shear and moment seismic demand at the base of the piers (whose height is 35, 50 and 75 m) that reaches up to + 20% in the transverse direction, in stiff soils this rocking effect is negligible.
By comparing Figs. 14 and 15 the base longitudinal and transversal internal actions it is easy to observe that the increment in seismic demand is more pronounced for the longitudinal components which is the direction where the piers are more constrained and the structure behaves as a frame. These frame actions induce a large increase of longitudinal base moment demand (since it is nearly proportional to rotation times 3EJ/H) that can reach up to + 40% in the tallest piers. The longitudinal base shear action is also incremented even though to a smaller percentage (since it is nearly proportional to rotation times 3EJ/H 2 ). Figure 15 also shows this "frame effect" in terms increase of axial load and torsional moment at the base of each pier that in the softer soil layer may reach up to + 30%.
An increment of about 10-20% in seismic demand on a structure due to the presence of rocking FIM excitation has already been recognized in the literature [see for instance Elsabee and Morray, 1977; EC8, 2003] and it should be emphasised however that the importance of this effect is intimately linked to the degree of connection of the soil-foundation system with the superstructure since the frame geometry may play a crucial role in mobilizing rotational stiffness and hence moments capacity at the base-piers.
Furthermore it should be remarked that the effects imposed on the superstructure by the swaying-rocking FIM excitation must be distinguished by the so-called "isolation effect" produced by rocking of the bridge foundation. In fact whereas the latter is caused by the inertial forces arising in the superstructure, the former represents an active excitation generated by the kinematics of the soil-foundation system (in the example above constituted by large-diameter shaft-foundations).
Foundation seismic demand and capacity
The global, static bearing capacity of large-diameter piled foundations is in general very large. However full mobilisation of this capacity requires foundation settlements that may not be compatible with the compliance characteristics of the superstructure. As a result, the design of this type of foundation is generally governed by the serviceability limit state rather than its ultimate capacity. Although this reasoning has been conducted with reference to statics, its validity can also be extended to dynamics and it constitutes the rationale for the adoption of a linear model in the seismic analysis of large-diameter piled foundations.
For these foundations, the total seismic forces acting along the shafts are computed from the superposition of the effects caused by both kinematic and inertial interaction. These forces represent the global seismic demand placed on the foundations but also the minimum seismic capacity these foundations need to guarantee for a safe seismic design.
An important aspect in computing the seismic capacity of large-diameter shafts is related to the assumption made at the soil-foundation interface with regards to stress and displacement continuity. The kinematic model illustrated in the previous sections and its capabilities to simulate mixed "smooth" and "rough" boundary conditions at the soil-foundation interface allows a realistic computation to be made of seismic bearing capacity of the viaduct's shaft. Besides the dynamic component, the normal pressures exerted by soil along the surface of the pile includes also the static component which is represented by the horizontal, effective, lithostatic stress σ h0 (z) = K 0 σ v0 (z) where K 0 and σ v0 (z) are respectively the at-rest coefficient of soil pressure and the vertical, effective overburden pressure. Both σ v0 (z) and σ h0 (z) are function of depth z. The at-rest and not the active soil state has been considered to govern the static horizontal pressures because of the reduced displacement capacity of the foundation.
The shear capacity at the soil foundation interface has been evaluated to a first approximation using the static approach τ lim (z) = σ h0 (z) tan(δ ), where δ = 2φ /3 is the friction angle at the soil-foundation interface and φ is the (peak) angle of shear resistance of soil. The seismic soil-foundation interface capacity has been computed by integrating the time-histories of dynamic soil pressures along the surface of the shaft. During the calculation, both the normal pressure (in magnitude and sign) and the maximum local shear circumferential stress (that might exceed the interface shear resistance) are constantly monitored to ensure the correctness of the computed interface capacity along the surface of the shaft.
Results for foundation seismic demand
Figures 16 and 17 illustrate the envelope profiles of bending moment and shear internal actions along a 25 m long shaft for the four categories of soil layers reported in Table 1 . The contributions of kinematic and inertial interaction have been plotted separately in the figure. The importance of kinematic interaction and thus of FIM rocking excitation is apparent in computing the total seismic demand (for both moment and shear) along the cylindrical foundation, particularly in soft soil layers. The contribution of inertial interaction is more difficult to interpret as it varies irregularly with soil stiffness.
An important general consideration that can be drawn from Figs. 16 and 17 is that the seismic behaviour of large-diameter piled foundations is governed in equal proportions by inertial and kinematic interaction effects and that neglecting the contribution of kinematic interaction would lead to a strong underestimation of the foundation seismic demand. Figures 16 and 17 clearly show that in soft soils (i.e. for V S = 150-250 m/s) kinematic interaction is the main contributor in the profiles to internal actions whereas in stiff soil layers the situation is reversed. This is not surprising since in stiff soils the foundation movements are small and the superstructure behaves as if it were almost clamped at its base. Instead when the foundation is surrounded by a soft soil layer it may experience rigid-body motion which includes large displacements and rotations.
Another feature shown by Figs. 16 and 17 is that the largest values of internal actions originated by kinematic interaction occur at the foundation base. This result is somehow different from that observed in slender piles where the kinematic actions are usually concentrated at the interfaces of consecutive soil layers of sharply differing stiffness. In this case the maximum values (in absolute terms) of bending moment occur at intermediate sections of the pile length.
The fact that a large-diameter shaft foundation concentrates the maximum kinematic action at its base is a consequence of the degree of constraint that is developed at the end-base section which makes the foundation behaviour similar to a cantilever scheme, but opposite to the usual downward cap geometry.
Results for foundation seismic capacity
Kinematic interaction induces a complex system of soil dynamic pressures along the surface of the foundation shaft. Figures 18 and 19 show colour plots of the maximum normal (tensile) and tangential (shear) stresses occurring at the soil-foundation interface during the entire time-history of the excitation which is constituted by a simultaneous application of the East-West and North-South components of Duzce accelerograms from the 12/11/1999 Turkey earthquake. For a simultaneous application of two horizontal components of ground motion the total normal and shear stresses are obtained from the superposition principle (linear theory):
The tensile normal stress developed during earthquake shaking (i.e. σ r > 0) plotted in Fig. 18 and the tangential circumferential stress exceeding the local interface shear capacity (i.e. τ rθ > τ lim ) illustrated in Fig. 19 are the most important indicators for assessing the seismic capacity of the foundation shaft. Another relevant parameter is the time of persistence of the above two stress conditions with respect to the total duration of seismic excitation. This piece of information allows to identify the most critical zones along the soil-foundation interface in light of the fact that it is not only important to verify if a given stress condition is violated but also, in engineering terms, for how long. The parametric study performed for the viaduct shown in Fig. 12 put in evidence that for the shortest foundation (i.e. for H = 15 m) the peak compressive normal stress exhibits a large dependence on soil categories with values ranging from −150 kPa (for V S = 700 m/s) to −300 kPa (for V S = 150 m/s). On the contrary, the deepest foundation (i.e. for H = 35 m) displays a relatively high, constant peak compressive stress independently from soil category and approximately equal to −400 kPa. This trend is confirmed also for the peak tensile stress which ranges from 100 kPa (for V S = 150 m/s) to 30 kPa (for V S = 700 m/s) for the 15 m long shaft, and remains nearly constant and equal to 200 kPa for the 35 m long cylinder. Figure 18 shows clearly that the tensile stresses caused by the earthquake excitation are mostly concentrated at the top ring of the foundation where the displacements are large. The extension along the shaft of this critical zone increases with the increase of foundation length and it may persist in time for up to 30% of the total duration of the excitation. In short foundations the critical zone where σ r > 0 is less extended and its persistence in time is more limited (in average about 10-20%).
Concerning the shear circumferential stress exceeding the local interface shear strength (i.e. τ rθ > τ lim ), Fig. 19 shows that similarly to the tensile stresses the critical zone is localised at the top ring of the foundation. However now the situation is more severe since the time interval over which the critical stress conditions are maintained is greater and in deep foundations it extends up to 60-80% of the total duration of earthquake excitation. Figure 19 shows that also for the peak shear stress the larger values are obtained in softer soil layers and for short foundation shafts. For a detailed account of all the results obtained from the parametric study of the bridge shown in Fig. 12 the interested reader is referred to the already mentioned work of Beltrami [2004] or Beltrami et al. [2005] . 
Conclusions
This article illustrated the main features of an analytical model aimed to assess kinematic interaction in large-diameter shaft foundations. Although on the subject of kinematic interaction a large number of solutions are available for slender, flexible piles, relatively few solutions are available for deep, large-diameter shafts. The model is based on an extension to a deformable base of the solution obtained by Veletsos and Younan [1995] for fixed-base cylinders embedded in a linear, viscoelastic, homogeneous soil stratum. It has been further extended to inhomogeneous soil layers using the closed-form solution obtained by Pecker [2003 Pecker [ , 2004 for onedimensional ground response analysis in soil deposits where the shear wave velocity is a power function of depth with an arbitrary exponent. As a further generalisation, the kinematic interaction model for homogeneous soil layer has been extended to the case of a mixed "smooth" and "rough" soil-foundation interface.
The model has been developed using a fully analytical approach and it has been validated through a series of benchmark tests conducted with the finite element code SASSI. Despite the built-in simplifying assumptions the results obtained from the validation process are very satisfactory. The analytical solution of kinematic interaction presents a number of advantages over the corresponding numerical calculation. First it does not require any discretisation effort, as required for any finite element or finite difference code. Second the processing time is considerably reduced as it takes about 6 minutes to run an analysis with the analytical model and 1.5 hours using the finite element code SASSI on the same machine. Another advantage of the theoretical model over numerical techniques is the flexibility it allows which allows the user to completely change the geometry of a problem without the need to re-define a mesh. Also the capability to simulate mixed "smooth" and "rough" boundary conditions at the soil-foundation interface constitutes an important characteristic of the kinematic model that is difficult to reproduce with a finite element code. These and other features make the proposed model ideal for applications in engineering practice, which was the original scope of this work: set-up a simplified though rigorous methodology to be used in engineering practice for assessing seismic soil-structure interaction in case of large-diameter shaft foundations.
The model has been applied to study the effects of kinematic interaction on a multi-span, continuous prestressed concrete viaduct with tall piers and large diameter piled foundations. The main finding of the study is the relevance of kinematic interaction in assessing the seismic response of structures founded on massive, rigid shafts. This is shown not only in terms of internal actions developed at the foundation level during seismic excitation (which are of the same order of magnitude of those induced by inertial interaction), but also for an increase of base-pier shear and moment demands. Both phenomena originate from the coupled swaying-rocking excitation caused by kinematic interaction and for which the foundation input motion (FIM) is characterised not only by a translational (horizontal) component but also a rotational part.
The parametric study conducted for the viaduct considering different soil categories showed that the most detrimental effects of kinematic interaction occur in soft soils because of the relevance of wave scattering effects.
In view of the most recent developments in seismic design where displacementbased approaches are growing in importance, the issue of rocking excitation at the base of a structure as a relevant component of seismic input is certain to receive a greater attention. For instance the displacement demand of a structure such as a tall bridge could be more accurately computed by superimposing the effects of both rotational and (horizontal) translational response spectra.
Further extensions of the kinematic interaction model illustrated in this article are currently under way. In particular attention is focused on extending the model to piled-foundations of rectangular sections, inhomogeneous soil layers having V S = 0 at the free-surface, and accounting for phenomenon of kinematic vertical interaction.
